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SECTION I PERSONNEL 
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*In addi t ion  t o  those listed, t h e r e  w e r e  research subjects 
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S. Berger, F.  B l a s e ,  J. Bodammer, K. Leoni, U. Mazumdar, 
J. Miliszkiewicz,  P. Mol6, J. Nommensen, C. Trayser,  and 
C. Tenczar. 
Two major quest ions w e r e  asked. F i r s t ,  can t h e  f reez ing  
poin t  of  eccr ine  s w e a t  be accounted f o r  i n  t e r m s  of t he  commonly 
measured subs t ances  u r e a ,  ammonia, lactate, ch lo r ide ,  sodium, and 
potassium? The answer t o  t h i s  question i s  fundamental t o  our 
understanding of t h e  s w e a t  g land 's  processes of excre t ion  and 
sec re t ion .  Second, what is the  v i s c o s i t y  of sweat? The answer 
t o  t h i s  question is  of importance, because no r e p o r t s  have ever 
been published on t h i s  physical  property of  s w e a t .  C l e a H l y  t h e  
d 
L .  
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wet t ing  p rope r t i e s  of s w e a t  a r e  r e l a t e d  i n  p a r t  t o  v i s c o s i t y ,  and 
* t h e  wet t ing  p rope r t i e s  are important i n  t h e  evaporation of water 
from t h e  skin.  
a 
Three pr imar i ly  methodological s t u d i e s  w e r e  s t a r t e d ,  The 
first has  t o  do with appropriate  methods for c o l l e c t i n g  and 
processing sweat, and t h e  second with t h e  acid-base p r o p e r t i e s  
of sweat, and t h e  l a s t  with t h e  sec re to ry  pressure of ind iv idua l  
s w e a t  glands.  
Among t h e  many gaps i n  o u r  knowledge of s w e a t  a r e  t w o  t h a t  
have importance i n  a l l  s t u d i e s  involving t h a t  body f lu id .  The 
f irst  is  how t h e  s w e a t  s h o u l d  be co l lec ted .  How should t h e  sk in  
be t r e a t e d  beforehand? What precautions need be taken aga ins t  
hidromeiosis i f  a vapor impermeable barrier is used t o  make t h e  
gkwe  for  co l l ec t ion?  The second problem is how t o  handle t h e  
sweat af ter  c o l l e c t i o n  i n  preparat ion f o r  ana lys i s .  What e f f e c t ,  . 
i f  any, does a small  amount of t u r b i d i t y  have on r e s u l t s ?  Should 
sweat be f i l t e r e d ,  centr i fuged,  o r  both? In  t h e  comprehensive 
a r t i c l e  by Robinson and Robinson (1958) l i t t l e  i f  any a t t e n t i o n  
w a s  pa id  t o  these  fundamentally important considerat ions.  
For t h i s  study w e  have t r i e d  t o  c o n t r o l  t h e  treatment of 
t h e  s k i n  beforehand, and w e  have s tandardized t h e  processing of t h e  
sweat prior t o  ana lys i s .  The d e t a i l s  f o l l o w  f o r  a l l fu l l - sca le l l  
experiment. Frequently,  r e sp i r a to ry  m e t a b o l i s m  is n o t  included, 
and c o l l e c t i o n  of t o t a l  body sweat is not  done. 
I. Preparat ions 
A. Subject 
1. The subject comes t o  t h e  Human Environmental Unit 
t h e  day before  t h e  experiment around 5 porn,, and 
s t a y s  u n t i l  t h e  experiment is  completed. A standard 
evening m e a l  is provided and should be ea t en  no 
ear l ie r  than  6 porn. and no later than 8 p.m. Before 
bedtime both forearms are shaved with an electric 
razor ,  t h e  f inge rna i l s  c u t  c l o s e l y  and t h e  a r m s  
scrubbed f o r  1 minu te  with a s u r g i c a l  b r u s h  and V e l  
(Colgate-Palmolive Company, N.Y. ). The s u b j e c t  should 
go t o  bed not  l a t e r  than 11 p.m. 
c .  
I ,  
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2. On the  day of the  experiment, t h e  subject: 
a. R i s e s  a t  7 a.m.  and t akes  care of personal  needs. 
The t i m e  of voiding i s  noted t o  t h e  nea res t  
m i n u t e .  
bo D r i n k s  250  m l  of water, b u t , e a t s  nb f&d. 
c. Takes a hot  shower using V e l .  
d. P u t s  on s u i t a b l e  c lo th ing  as prescr ibed and rests 
on t h e  bed i n  t h e  examining room from 7:30 t o  
8:OO a.m. 
B. A r m  bag, co t ton  pajamas, p l a s t i c  pool,  and t o w e l  
1. An impermeable arm bag ( W e t  d ress ing  Bunyan bag. 
National Carbon Company, N.Y.) is used f o r  c o l l e c t i n g  
sweat. 
2. P r i o r  t o  t h e  experiment t h e  arm bag, pajamas, pool 
and towel are washed t h r e e  t i m e s  with t a p  water,  t w i c e  
wi th  d i s t i l l e d  water, and then a i r  dr ied.  
11. Col lec t ion  of sweat, gas samples, and physiological  da t a  
A. Resting measurements 
1. A f t e r  15 minutes of r e s t i n g ,  begin f lushing Tissot 
tank with expired a i r ,  F l u s h  t h r e e  t i m e s .  
2. After  f lush ing  T i s so t  tank c o l l e c t  10-minute sample 
Mix w i t h  s t i r r i n g  motor and record of expired a i r .  
gas  temperature and s t a t ion - l eve l  barometric pressure.  
3 .  Remove counter-weight from T i s s o t  tank meter s t i c k ,  
Open sampling valve and l e t  expired a i r  discharge 
by gravi ty .  
4. F i l l  t w o  previously evacuated gas  sampling bags w i t h  
samples of expired a i r .  
5. Af te r  c o l l e c t i o n  of expired a i r ,  measure blood pressure,  
pulse  r a t e  (one-minute count) and oral  temperature.  
B. Hot-room walk 










5 .  
6. 
7. 




temperature h o t  room. Col lec t  u r ine ,  not ing time 
t o  t h e  neares t  minute. 
Drink 250 ml of water maintained a t  about 35OC. 
Star t  walking on treadmill a t  a pace of 5 .8  km 
per  hour.  
A f t e r  10 minutes of walking, get  off t he  t readmi l l ,  
t ake  o f f  c l o t h i n g  and shoes. Dry t h e  subject, and 
weigh him on a platform scale. 
nea res t  minute. 
Note time t o  t h e  
subject should soak both arms i n  d i s t i l l e d  water for 
one minute, u s i n g  a p l a s t i c  cy l inder .  B l o t  off water 
with t h e  towel which has  been boiled i n  d i s t i l l e d  
water f o r  5 minutes, r i n s e d  once i n  d i s t i l l e d  water, 
and dried i n  a i r .  
Apply bandages of about 5 c m  width immediately above 
t h e  elbow j o i n t s ,  and attach a r m  bags with bands. 
A "blank bag" w i l l  be prepared w i t h  50 m l  H20, and 
a t tached  t o  t h e  sub jec t ' s  belt.  
The sub jec t  then walks f o r  BO minutes on a level 
treadmill a t  5 . 8  km per  h o u r  with 5-minute rest 
a f t e r  each 15 minutes of walking. 
Every 2 0  m i n u t e s  remove t h e  glove and pour o u t  t h e  
sweat i n t o  a measuring cy l inde r  and record t h e  volumn. 
Store the  sweat i n  r e f r i g e r a t o r  i n  a brown bottle u n t i l  
t h e  end of sweat co l l ec t ions .  
Pour  o u t  t h e  "blank bag" a f t e r  t h e  t h i r d  walk period. 
Treat t h e  blank exac t ly  l i k e  sweat through a l l  stages 
of preparat ion.  
During 1st and 3rd walk, collect  gas sample w i t h  t h e  
Kofrhyi-Michaelis respirometer and later analyze 
f o r  O2 and C02. 
During t h e  5 minute rests, measure and record t h e  
oral  temperature, skin temperature a t  l a t e r a l  side 
of r i g h t  th igh ,  p u l s e  ra te  and ambient dry  and w e t  
b u l b  temperatures.  Cri ter ia  for e a r l y  terminabion of 
. . .  
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exposure t o  hea t  are:  
4 . 
a,  R e c t a l  temperature of 103OF or  more 
b, P u l s e  rate i n  excess of 130 per  minute o r  more 
c. H e a t  syncope 
d. Exhaustion 
e, Unusual symptoms 
C. Af te r  t h e  experiment, t h e  s u b j e c t  l i es  down i n  a cool  
room f o r  15 m i n u t e s .  Then he may take  a shower, e a t  
b reak fas t  and leave, a s  long a s  he  has no d i f f i c u l t i e s  
sub jec t ive ly  or objec t ive ly ,  
111. Processing of A r m  Bag S w e a t  and Tota l  Body Sweat 
A, A r m  bag sweat 
1. (a) Mix t h e  three arm sweat samples toge ther  and 
cen t r i fuge  a t  ~ O C  fo r  15  minutes a t  3,000 rpm. 
(b) Store  i n  deep freeze a t  -2OOC over n ight ,  and 
cen t r i fuge  again j u s t  a f t e r  thawing t h e  sample. 
(c) If  t h e  s w e a t  is not clear, r epea t  s t e p  (b) u n t i l  
t h e  sweat becomes c l e a r ,  and then d iv ide  t h e  super- 
na t an t  i n t o  s i x  v i a l s ,  Keep i n  deep f reeze  a t  -2OOC 
p r i o r  t o  chemical  ana lys i s .  Water blanks are t o  be 
t r e a t e d  exac t ly  a s  t h e  sweat sample. 
B. Tota l  body sweat 
1, (a )  After  t h e  t h r e e  20-minute per iods,  t ake  o f f  t h e  
sweat bag, c lo th ing  and shoes. The subject should 
be d r i e d  thoroughly with c lean towels and weighed. 
(b) collect ur ine,  noting time t o  t h e  nea res t  minute, 
(c) The subject should be t r a n s f e r r e d  t o  a cool room. 
Wash down h i s  body w i t h  3 l i ters of d i s t i l l e d  water 
i n t o  v iny l  pool together  with c l o t h i n g  and towel 
used during sweat co l l ec t ion .  Then r i n s e  t h e  body 
w i t h  another 2 l i t e r s  of d i s t i l l e d  water. Mix t h e  
w a t e r  thoroughly and take  o u t  50-ml po r t ions  of the  
w a t e r  f o r  analyses.  (d)  Blank sample of 5 l i ters of 
of water should be added t o  t h e  pool and 50-ml blank 
be taken from the  pool j u s t  before  t h e  subject starts 
t o  u s e  it, 
2 ,  The sweat is processed for  a n a l y s i s  l i k e  arm bag 
sweat i E  Sectbr?  I11 A 1 zbove. 
.. . 
> .  
C .  
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Handling of s w e a t  p r i o r  t o  a n a l y s i s  
1. 
2. 
3 .  
4. 
5 .  
6, 
The v i a l s  of sweat are kept  frozen i n  wooden blocks 
a t  -2OOC u n t i l  needed f o r  ana lys i s .  
The v i a l s  a r e  taken f r o m  t h e  wooden block and set 
ind iv idua l ly  i n  p l a s t i c  cups on a table a t  room 
temperature (about 22OC). 
Every f i f t e e n  minutes they a r e  t ipped from s i d e  t o  
s ide ,  When the  l as t  ice has disappeared, t h e  f l u i d  
sweat i s  examined for  t u r b i d i t y .  
I f  t h e  specimen is c l ea r ,  t h e  c o n t e n t s  of t h e  v i a l  
are mixed thoroughly, and t h e  a l i q u o t  is  taken f o r  
sis, and the  v i a l  is placed i n  t h e  r e f r i g e r a t o r  
I f  t h e  specimen has  any t u r b i d i t y  it is t r a n s f e r r e d  
t o  a cone t ipped cent r i fuge  t u b e ,  centr i fuged i n  t h e  
angle-head cent r i fuge  f o r  10 m i n u t e s ,  and t h e  
supernatant t r ans fe r r ed  by p i p e t t e  or syr inge  i n t o  
a c lean  v i a l .  It may then be used f o r  ana lys i s .  
When no longer needed f o r  a series of analyses,  t h e  
v i a l  i s  retaped, placed i n  a wooden block, and refrozen.  
Analyt ical  methods u s e d  
References t o  the  a n a l y t i c a l  methods t h a t  a r e  used i n  
t h i s  i nves t iga t ion  a r e  l i s t e d  i n  Table 111.1. 
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SECTION IV CHEMICAL COMPOSITION OF H U M  ECCRINE 
SWEAT COMPARED WITH OSMOTIC PRESSURE 
(Prepared for Publication i n  t h e  Journal  of Phvsiolosy) 
c Adams, Johnson and Sargent (1958) calculated t h e  osmotic 
pressure of sweat from the  freezing point ,  and compared t h i s  with 
t h e  sum of important cons t i tuents ,  i.e. sodium, ch lor ide ,  l a c t a t e ,  
urea,  potassium and ammonia. In  about 200 of 600 specimens of 
sweat from young men t h e  osmotic pressure ca l cu la t ed  from t h e  
f r eez ing  po in t  w a s  h i g h e r  than t h a t  calculated by adding toge ther  
t h e  cons t i t uen t s .  T h i s  f inding of Adams e t  a l .  (1958) w a s  disputed 
by Foster (1961). H e  w a s  ab le  t o  account for 92% of t h e  osmotic 
pressure i n  h i s  specimens by measuring t h e  osmotic pressure of 
a s y n t h e t i c  s w e a t  which w a s  prepared by adding up t h e  measured 
cons t i t uen t s .  
Experiments were performed seeking for explanat ions for 
t h i s  discrepancy between t h e  B r i t i s h  and American laboratories. 
Methods 
Col lec t ion  of sweat 
Thir ty- three samples of sweat from 9 male and 2 female hea l thy  
s tudent  vo lunteers  were analyzed. Sweat w a s .  collected between 
January 22 and May 19, 1966 unde r  unacclimatized condi t ions  with 
t w o  exceptions.  I n t e r v a l s  of one week or more were allowed 
between sweat c o l l e c t i o n s  from each s u b j e c t ,  except for one 
subject t E . B . 1  from whom t w o  specimens were collected before 
and after acclimation respect ively.  To acclimate t o  t h e  hot  
environment, t h e  subject walked on t h e  treadmill a t  the  same 
speed and under t h e  same condi t ions for t e n  cons.ecutive days, 
For chemical analyses ,  sweat samples from 1st day (not  acclimated), 
5 t h  and 10th day (acclimated) were used. The samples of sweat 
collected on days 1; 2 0  3 ,  6, 7 ,  80 and 9 were used for 
v a l i d a t i n g  methods. One day before each experiment, t h e  s u b j e c t  
c u t  h i s  f i nge r  n a i l s  and shaved both arms w i t h  an electric razor.  
Then the s u b j e c t  scrubbed b o t h  arms f o r  3 minutes using a 
surgical  b r u s h  and a so l id  detergent  (Vel%',Colgate-Palmolive, N.Y. ) 
which is  n e u t r a l  i n  r eac t ion  and non-allergenic.  Before an 
experiment t h e  s u b j e c t  washed both arms for  3 minutes w i t h  t h e  
detergent and t a p  water, and r insed thoroughly with rugning t a p  
water. 
RH: 30%) and af ter  15 minutes of walking on a t r eadmi l l  a t  t h e  
speed of 5.6 km/hr for males and 4.8 km/hr for females, r in sed  
both arms i n  a cy l inder  containing demineralized water. The a r m  
Then t h e  subject enkered t h e  h o t  room (DBT: 40 C; WBT: 21°C; 
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w a s  t hen  dr ied  with c lean  towels t h a t  had been boiled 30 minutes 
i n  demineralized water and oven d r i ed ,  Vinyl p l a s t i c  arm bags 
( W e t  d ress ing  Bunyan bag f o r  the arm: Nat ional  Carbon Co.,  New 
York) were donned t o  t h e  elbow and he ld  i n  p lace  by elastic 
bands 5 c m  i n  width. The subject  then walked on t h e  t r e a d m i l l  
f o r  80 minutes, Every 15 minutes a s top  of 5 minutes w a s  made t o  
d r a i n  o f f  sweat and t o  cont ro l  the condi t ions of subjec ts .  
arm bag used w a s  not  completely impermeable t o  water,  t h e  
evaporat ive loss of w a t e r  from i n s i d e  being a t  t h e  rate of 1% 
p e r  hour under our  experimental conditions.  However, when t h e  
s w e a t  samples w e r e  drained every 20 minutes, the loss w a s  negl ib ib le .  
Drinking w a t e r  a t  a temperature near 35OC w a s  allowed ad libitum. 
The volume of sweat w a s  measured i n  calibrated cyl inders .  The 
samples w e r e  centr i fuged a t  3,000 RPM f o r  15 minutes a t  25OC and 
i f  the supernatant f l u i d  was clear decanted i n t o  v i a l s ,  sealed 
with masking tape and r e f r ige ra t ed .  I f  not used on t h e  day of 
t h e  s w e a t  c o l l e c t i o n ,  they were frozen a t  -2OOC u n t i l  needed. 
I n  case t h e  supernatant  w a s  not c l e a r  it w a s  kept  f rozen overnight 
and cent r i fuged  j u s t  a f t e r  thawing. 
i s  sometimes impossible t o  remove by ordinary  cen t r i fuga t ion  
or f i l t r a t i o n .  The present  technique does remove t u r b i d i t y .  
The 
The t u r b i d i t y  of s w e a t  samples 
I n  each experiment, t h e  subject wore a t  t h e  belt  a blank 
glove containing 50 m l  of d i s t i l l e d  water. This blank was 
treated exac t ly  l i ke  sweat and samples were carried through all 
procedures,  so t h a t  appropriate blank co r rec t ion  could be made i f  
needed. 
Analyses 
Chemical analyses w e r e  performed wi th in  t w o  days a f t e r  c l e a r  
s w e a t  w a s  obtained. The following methods w e r e  used: 
1) 
standard of l i thium; 2 )  ch lor ide  by the Aminco-Cotlove t i t ra tor ;  
3) l a c t i c  acid by colorimetry a f t e r  copper-liming (Hawk, O s e r  and 
Sunmerson, 1951) ; 4) t o t a l  nitrogen by n e s s l e r i z a t i o n  following 
ac id  d iges t ion  (Koch and McMeekin, 1924);  5)  ammonia n i t rogen  by 
n e s s l e r i z a t i o n  a f t e r  ae ra t ion  (Van Slyke and Cullen,  1914), 
6) urea n i t rogen  by a urease method (Van Slyke and Cullen,  1914); 
7)  Ca and Mg by atomic aksorption spectrometry or by a colori- 
metric method (K6vacs and Tirnoky, 1959); 8 )  amino ac ids  by a 
Beckman amino acid analyzer.  
sodium and potassium by flame photometry w i t h  an i n t e r n a l  
The pH of s w e a t  samples was measured a t  25OC with a Beckman 
Expandomatic pH meter with phtha la te  buf fer  (4.01) and phosphate 
bu f fe r  (6.86) as standards. 
1. . 
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A Fiske thermistor  osmometer was used t o  measure t h e  f r eez ing  
point of sweat samples. Aqueous s o l u t i o n s  of NaCl ranging from 
0 t o  0.5  molar were used a s  standards under t h e  assumption t h a t  
mo la r i ty  is p r a c t i c a l l y  equal t o  mola l i ty  a t  t h i s  range of 
concentrat ion.  
osmolarity, co r rec t ions  for NaC1 standard were made as  ind ica ted  
by t h e  Fiske O s m o m e t e r  I n s t ruc t ion  manual (Fiske Associates, Inc., 
1954). These f a c t o r s  are based on t h e  In t e rna t iona l  C r i t i c a l  
Tables (1938). 
r 
For t h e  purpose of conversion from molar i ty  t o  
The r e s u l t s  a r e  summarized i n  Table IV. 1. and N. 2. A 
s t r i k i n g  po in t  is  large individual  va r i a t ions .  
s tandard  devia t ions ,  for mean of each subject and for t o t a l  mean, 
i n t e r i n d i v i d u a l  v a r i a t i o n s  are greater than in t r a ind iv idua l  
v a r i a t i o n s  for s w e a t  r a t e ,  a l l  measured  c o n s t i t u e n t s  of sweat, pH, 
and for osmolarity.  
A s  obvious f r o m  
O s m o l a r i t y  and s w e a t  cons t i t uen t s  
The r e l a t i o n  between sweat osmolar i ty  and sum of main sweat 
components is shown i n  Figure IV.  1. which shows t h a t  sum of 
s w e a t  components is lower t h a n  measured osmolar i ty  by 5% of 
osmolarity.  When "osmotic d e f i c i t "  is  def ined as t h e  dev ia t ion  
between measured osmolarity and sum of main solutes,  and expressed 
as p e r  c e n t  of to ta l  osmolarity,  t h e  d e f i c i t  ranges from -5 .4Xto  
11,9"x. Here again,  some subjec ts  show c o n s i s t e n t l y  low osmotic 
d e f i c i t s ,  while some other subjects show high osmotic d e f i c i t s .  
According t o  Foster, t h e  osmotic d e f i c i t  calculated i n  o u r  wayfbr h i s  
s u b j e c t  group w a s  almost 0%. 
f i c i t  f o r  dne group w a s  6% and for t h e  o the r  group 13%. 
consider ing t h i s  discrepancy, t h e  following factors should be 
taken- inta . account. 
A d a m s  e t  al. (1958)found t h a t  t h e  de- 
I n  
Indiv idua l  id iosyncras ies  i n  chemical components of sweat 
From t h e  f a c t  t h a t  some subjects show c o n s i s t e n t l y  high 
osmotic d e f i c i t  and some o ther  subjects show c o n s i s t e n t l y  l o w  
deficit ,  it could be w e l l  supposed t h a t  t he  con t r ibu t ion  of un- 
measured s w e a t  cons t i t uen t s  t o  sweat osmolar i ty  might differ 
g r e a t l y  from subject t o  subject. To tes t  t h i s  assumption, Ca and 
M g  i n  sweat were measured w i t h  r e s u l t s  shown i n  Figure IV.  2. 
These t w o  components showed higher values  a t  l o w  rate of sweating 
than  a t  high ra te  of sweating. Although t h e r e  is big indiv idua l  
-15- 
v a r i a t i o n  (Sargent,  Morimoto, and Ohara, 1966) , sodium and ch lor ide  
conten ts  i n  sweat genera l ly  increase as s w e a t  r a t e  increases  (Kuno, 
1956). 
s w e a t  r a t e  increases ,  together  w i t h  potassium, lactate and ammonia. 
According t o  Sargent e t  a l .  (1966), four  types of i nd iv idua l i ty  
can be i d e n t i f i e d  from sweat r a t e  and ch lor ide  content  i n  s w e a t ,  
i.e. i) high s w e a t  rate and high chloride, ii) high sweat rate 
and l o w  chloride, iii) l o w  sweat rate and high ch lor ide ,  and i v )  
l o w  sweat rate and l o w  chloride.  The cont r ibu t ion  of unmeasured 
c o n s t i t u e n t  t o  osmotic def ic i t  must be l a r g e r  i n  groups iv )  and 
iii), which have a low sweat rate. 
On t h e  other hand C a  and Mg concentrat ions decrease as 
r 
O s m o t i c  coefficients. 
I n  t h i s  p re sen t  paper and the paper of A d a m s  e t  a l . ,  (1958) 
cor rec t ion  for  N a C l  s tandard so lu t ions  for osmotic c o e f f i c i e n t s  
w a s  based on The In t e rna t iona l  Cent ra l  Tables. Foster (1961) 
used values  by Robinson & Stokes (1959). S l i g h t  d i f f e rences  i n  
osmotic c o e f f i c i e n t s  can cause d i f f e rences  i n  osmolarity,  which 
might be measurable. 
0.2 molal N a C l  s o l u t i o n  is given by Robinson e t  a l .  (1959) as 
0.9245, w h i l e  F i ske ' s  standard g ives  t he  value of 0.936. The 
devia t ion  caused by th i s  d i f fe rence  is a b o u t  2.2 m O s m / l  a t  the 
mola l i t y  of 0.2. I n  other words, Foster ' s  ca l cu la t ions  on 
osmola l i ty  measurements are about 2% l o w e r  than our  r e s u l t s .  
T h i s  accounts for  some of t h e  dev ia t ion  between h i s  and our 
r e s u i t s ;  but  by no means a l i .  
For example t h e  osmotic c o e f f i c i e n t  of 
Another po in t  of some i n t e r e s t  is tha t  there is no evidence 
t h a t  the  osmotic c o e f f i c i e n t  of sodium i n  s w e a t  is equal  w i t h  
t ha t  of sodium chlor ide  standard so lu t ions .  
c o e f f i c i e n t s  of Na+ i o n  i n  sweat w e r e  ca lcu la ted  from Na+ con- 
c e n t r a t i o n s  measured by f lame-photometry and Na' a c t i v i t y  
measured by Na+ s e n s i t i v e  glass electrode. 
(Na:  38 mEq/L; K: 6.1 mEq/L; NH4: 3.9 mEq/L; C1: 30.0 mEq/L 
lactate: 12.3 mM/L; Urea: 8.4 mM/L) w a s  used for  t h i s  purpose 
and divided i n t o  three p a r t s .  N a C l  w a s  added t o  t w o  p a r t s  of 
the s w e a t  t o  make up the  Na+ concentrat ions of about 50 and 
100 mEq/l. On the other hand, four  N a C l  s tandard s o l u t i o n s  
w e r e  made up w i t h  f o u r  d i f f e r e n t  N a C l  concentrat ions (25 t o  150 
mEq per L) and 6.1 mEq per  L of KC1; t h i s  was the concentrat ion 
of K i n  the sweat sample used for t h i s  purpose. A c t i v i t i e s  for 
Na+ ion i n  t h e  standard so lu t ions  w e r e  ca l cu la t ed  from a c t i v i t y  
Therefore a c t i v i t y  
A s w e a t  sample 
*. . 
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. c o e f f i c i e n t s  derived from Debye-Hackel formula* (Robinson & 
Stokes,  1959). W i t h  t h e  standard so lu t ions ,  Na+ activity-E,M,F. 
c a l i b r a t i o n  curves w e r e  obtained using Na' ion s e n s i t i v e  glass 
electrodes by Beckman, A s  shown in Table IV.  3 f o r  sweat 
t h e  Nafion shows higher a c t i v i t y  khan i n  simple so lu t ions  of 
NaCl and i n  so lu t ions  more d i l u t e  than 0.05 mEq/L, t h e  a c t i v i t y  
of Na+ ion becomesalmost equal to  Na+ concentration. 
d a t a ,  it might w e l l  be assumed t h a t  osmotic c o e f f i c i e n t s  of sweat 
a t  t h e  f reez ing  po in t  are higher than t h a t  of sodium ch lo r ide  
s tandards.  I f  t h i s  is t h e  case, t h e  osmolarity of sweat ca l cu la t ed  
f r o m  t h e  f reez ing  po in t  must be higher than t h e  t r u e  osmolarity. 
c 
From these  
f :  a c t i v i t y  c o e f f i c i e n t  f o r  cons tan ts  t h e  following 
values  were used 
A= 0,5115 
I: i o n i c  s t r eng th  L 
C: mola l i t y  B= 0. 3291X108 
2: Valency a: 4.008 
b: 0.055 
The v a l i d i t y  of t h i s  formula f o r  b i o l o g i c a l  s o l u t i o n s  
w a s  shown experimentaly by Yoshimura, Hirakawa and 
Morhoto (1962) . 
Other factors 
A f t e r  t h e i r  experiments of 1957, A d a m s  et a 1  (1958) pooled 
t h e i r  specimens of sweat and s tored  them i n  a deep f r eeze ;  w e  
have now reexamined those specimens. There w e r e  t h r e e  categories: 
l o w  osmotic deficit ,  medium osmotic def ic i t ,  and high osmotic 
deficit .  The samples of Adams e t  a1 (1958) were analyzed by 
us t w i c e ,  once before  and once a f t e r  cen t r i fuqa t ion .  This  w a s  
done t o  conform with o u r  technique for preparing clear specimens. 
The resu l t s  a r e  summarized i n  Table IV. 4 toge ther  with t h e  da t a  
from one of o u r  subjects. Although t h e  order of magnitude of 
t h e  d e f i c i t  w a s  about the same as reported by A d a m s  e t  a1 (1958), 
t h e  def ic i ts  w e r e  reduced somewhat by cent r i fuga t ion .  The main 




of Na concentrat ion,  which can, a l so ,  be observed i n  t h e  sample 
of sweat from our co l l ec t ion .  
t u r b i d i t y  of sweat must be caused by f i n e  sk in  debr i s  which 
t h e  amount of t o t a l  ni t rogen should be reduced considerably a f t e r  
t he  second cent r i fuga t ion .  As shown i n  Table IV. 4, decreases 
i n  t o t a l  N and osmolarity a re  small  except i n  t h e  sweat samples 
with high osmotic d e f i c i t ,  so, t h e  t u r b i d i t y  should be a t t r i b u t e d  
t o  some o the r  chemicals which have a l a rge  molecular weight. 
A t  f i r s t ,  we thought t h a t  t h e  
- cannot be removed with only one cent r i fuga t ion .  I n  t h a t  case,  
The f a c t  t h a t  t he  t u r b i d i t y  was found occasional ly  i n  t he  
water from t h e  blank bag suggests  t h a t  t h e  high molecular sub- 
s t ance  is re l a t ed  t o  t he  polyvinyl i n  t he  arm bag. 
i n t e r e s t i n g  observation on the samples from Adams e t  a l .  (1958) 
is  t h a t  they show a brownish color .  The sweat with high osmotic 
d e f i c i t  shows the  deepest color and t h a t  with medium osmotic 
d e f i c i t  shows medium color  and t h a t  w i t h  low osmotic def ic i t  
is almost c l e a r .  Spectrophotograms w e r e  taken on these  t h r e e  
samples and on one of our samples and on sweat t e n  times con- 
cen t r a t ed  by mean of freeze-drying (Hansen and Robbins, 1956). 
Although the re  is no appreciable peak of absorption band i n  t h e  
v i s i b l e  range, every sample measured shows a high absorpt ion 
i n  t h e  u l t r a v i o l e t .  
means. 
Another 
We do not know what t h i s  pigment is o r  
Taking a l l  these  i n t o  account, t h e  f a c t  t h a t  Adams e t  a l .  
(1958) found a high osomotic d e f i c i t  from sweat samples which 
had a low sweat r a t e  and a high osmolarity might be explained 
i n  terms of t h e i r  @'two sweat" hypothesis.  
gland produces a sweat of high osmolar i ty  but  increases  its 
volume slowly, and another produces a sweat of low osmolarity 
bu t  increases  i t s  volume rapidly,  then a t  low t o t a l  r a t e s  of 
sweating, t he  mixture of sweat from these  two k inds  of glands 
should have a high osmolarity. 
an increasing r a t e  of sweating. 
I f  one kind of sweat 
T h i s  should then f a l l  o f f  with 
A n  a l t e r n a t i v e  hypothesis might be t h a t  non-sweat gland 
t i s s u e  cont r ibu tes  chemically t o  t h e  sweat co l l ec t ed  i n  an 
impermeable glove. I n  t h e  sweat which has a low sweat r a t e ,  
t he  po r t ion  of unmeasured cons t i t uen t s  should be higher than 
t h e  sweat secre ted  w i t h  h igh r a t e .  I f  t h e  t reatments  of sk in  
before sweat c o l l e c t i o n s  or  washing ou t  of i n i t i a l  sweat is 
not adequate, t h e  e f f e c t s  of substances dissolved out  from sk in  
t i s s u e  o ther  than t h e  sweat glands might cont r ibu te  t o  t he  
osmotic d e f i c i t  e spec ia l ly  a t  low r a t e s  of sweating. Because 
the specimens of sweat used by A d a m s  e t  a l .  (1958) were c o l l e c t e d  
from completely accl imat ized subjects, their  s a l t  conten ts  w e r e  
extremely low. From sub jec t  E.B. i n  our  cu r ren t  experiments, 
s w e a t  samples w e r e  co l l ec t ed  before and a f t e r  accl imat ion t o  
hea t .  A s  shown i n  Table I V .  2,  osmolar i ty  of t h e  s w e a t  sample 
from t h i s  sub jec t  showed 198.8 mOsm/L and 130.4 mOsm/L before 
and after acclimation respect ively.  O s m o t i c  d e f i c i t s  of 17.6 
m O s m / L  decreased t o  12.3 m O s m / L  after acclimation, but  t h e  
percentages of t h e  d e f i c i t  t o  t o t a l  osmolarity w e r e  8.8 % and 
9.5 %. 
The discrepancy between Foster  s (1961) conclusions and 
those of Adams e t  a l .  (1958), and these  p re sen t  f ind ings  cannot 
be explained. H i s  own explanation has  t o  do with d i f f e rences  
i n  osmotic terminology and coe f f i c i en t s .  
are treated by our  mathematical techniques,  t h e r e  is no osmotic 
d e f i c i t .  I n  our  labora tory  the re  is such a d e f i c i t ,  l a r g e  i n  
some specimens. Differences i n  sub jec t s ,  e s p e c i a l l y  i n  t h e i r  
s ta te  of acclimation, d i f fe rences  i n  handling t h e  s w e a t ,  
d i f f e rences  i n  analyzing t h e  sweat--any or a l l  of these may 
p l a y  a part. A t  least  w e  do n o t  deny t h e  v a l i d i t y  of h i s  
observat ions,  as he has  of ours. 
When h i s  own data 
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Table fV. 3 .  Concentration, 
Coef f i c i ent  of 
Act iv i ty ,  and Activity 
Sodium Ion i n  Sweat. Spring 1966. - - 
(NASA Grant NGR-i4-005-050) 
(Na+) (Na+) a t  25% fNa+ a t  25OC 
by flame- by g l a s s  
Sample photometry electrode experimenta 1 ca lculated 
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-the method of l e a s t  squares. I t  is  compared with 
the theoretical l i n e  of no osmotic d e f i c i t .  
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SECTION V ACID-BASE PROPERTIES OF HUMAN S-T 
(Prepared f o r  Publ icat ion i n  Science) 
The  acid-base balance of sweat has  been l i t t l e  s tudied ,  
and then  r a r e l y  systematical ly  or completely. I n  19358 White- 
house (9) wrote "the data published regarding the r eac t ion  of 
s w e a t  do not  show agreement i n  general ,  and s w e a t  has been 
reported as acid, a lka l ine ,  and n e u t r a l  by d i f f e r e n t  authors." 
Since tha t  t h e ,  methods of p H  measurement have improved g r e a t l y  
b u t  t h e  s i t u a t i o n  s t i l l  remains confused Ccf, Rothman (7) and 
Kuno ( 5 )  .3 
As t h e  bu f fe r  systems governing the pH of human s w e a t ,  t h e  
lactic acid - lactate system (1, 8), amino acids (7) and t h e  
bicarbonate  system (3) have been claimed t o  be responsible ,  
In t h i s  p re sen t  study, co r re l a t ions  w e r e  sought between t h e  
ac id i ty  of s w e a t  and its main chemical cons t i t uen t s .  
Methods 
Col lec t ion  of sweat s a m D 1 e  
Thir ty- three s w e a t  samples from 9 male and 2 female hea l thy  
s tuden t  volunteers  w e r e  analyzed. 
processed between January 22 and May 19, 1966, Details of col- 
l e c t i o n ,  processing, and analysis have been given i n  Sec t ions  
11, I11 and IV above. 
Sweat w a s  collected and 
Analvses 
Chemical anaylses were performed wi th in  t w o  days after 
clear s w e a t  w a s  obtained. For re ferences  see Table 111, 1: 
1) Sodium and potassium by flame photometry w i t h  an i n t e r n a l  
s tandard  of l i thium; 2 )  chloride by Aminco-Cotlove t i t r a t o r ;  
3) lact ic  acid by copper-liming and colorimetry; 4) t o t a l  
n i t rogen  by n e s s l e r i z a t i o n  following acid d iges t ion ;  5 )  ammonia 
n i t rogen  by n e s s l e r i z a t i o n  a f t e r  aera t ion ;  6) urea n i t rogen  
by a urease method, corrected for ammonia ni t rogen;  and 7) 
amino acids by a Beckman amino acid analyzer ,  
The pH of s w e a t  samples w a s  measured a t  25OC w i t h  a Beckman 
Expandomatic p H  meter wi th  phthalate Buffer (4.01) and phosphate 
buf fer  (6.86) by Beckman as standards.  A t  var ious s t ages  of 
sample prepara t ions ,  as j u s t  a f t e r  sweat c o l l e c t i o n s ,  after 
cen t r i fuga t ions  and after melting the specimens, t he  pH of s w e a t  
samples w a s  measured. There were no appreciable changes i n  
processing. 
Resul t s  and discussion 
Observed pH values of sweat ranged from 4.70 t o  7.99 with a 
- mean value of 6.40. Individual  v a r i a t i o n  of pH w a s  considerable  
w h i l e  sweat a c i d i t y  f o r  one subfect w a s  r a t h e r  constant.  C o r -  
r e l a t i o n  c o e f f i c i e n t s  w e r e  ca lcu la ted  between p H  and t h e  main 
chemical cons t i t uen t s  or sweat rate which are shown i n  Table V. 1. 
The closest c o r r e l a t i o n  (a negative one) w a s  found wi th  NH3, 
e s p e c i a l l y  its percentage of osmolarity,  while o the r  cons t i t uen t s  
and sweat r a t e  had only poor co r re l a t ions  (Figs .  V. 1, V. 2 ,  and 
V. 3 ) .  
w i t h  a c i d i t y  could be explained i f  NH3 is assumed t o  be excreted 
i n  the form of NH C1, a s  happens i n  t h e  kidney ( 6 ) .  This assump- 
t i o n  can very we14  explain the f indings on s w e a t  p H  by o the r  
i nves t iga to r s , t oo .  As sweating progresses ,  t h e  a c i d i t y  of s w e a t  
mostly decreases (4) because the amount of NH4C1 also decrease%. 
The higher  t h e  s a l t  content ,  t h e  less t h e  a c i d i t y  (4) because 
t h e r e  are p o s i t i v e  co r re l a t ions  between s w e a t  rate and Na or C 1  
concentrat ions ( 5 ) ,  and also because t h e  concentrat ion of NH4C1 
decreases  as s w e a t  rate increases .  
The f a c t  t h a t  t h e  amount of NH3 had a high c o r r e l a t i o n  
The f a c t  t h a t  high co r re l a t ions  between s w e a t  rate or Na 
and C 1  concentrat ions and p H  w e r e  not found is important. As 
mentioned before ,  s w e a t  p H  from each subject showed r a t h e r  con- 
s t a n t  values from c o l l e c t i o n  t o  co l l ec t ion .  On t h e  o the r  hand, 
t h e  var iances  of p H  values from one sub jec t  t o  another w e r e  re- 
markable. A similar s i t u a t i o n  could be seen f o r  t h e  s w e a t  
c o l l e c t e d  from t h e  same individual  a t  d i f f e r e n t  s t ages  of accli- 
mat izat ion.  I t  is w e l l  known t h a t  a s  acc l imat iza t ion  t o  work 
progresses ,  t h e  s w e a t  r a t e  increases while  chemical cons t i t uen t s  
decrease ( 5 ) .  When s w e a t  r a t e s  and pH values  from t h e  same 
s u b j e c t  or from t h e  same stage of acc l imat iza t ion  w e r e  compared, 
t h e r e  w e r e  correlations between t h e  pH and s w e a t  rate o r  N a  and 
C1, for example,the f i v e  poin ts  with l o w e s t  p H  i n  Figure V. 3. 
are r e s u l t s  from one subjec t .  But when r e s u l t s  from d i f f e r e n t  
ind iv idua ls  o r  from d i f f e r e n t  s t ages  of acc l imat iza t ion  w e r e  
analyzed toge ther ,  t h e  c o r r e l a t i o n  disappeared (Figs.  V. 1, 2 ,  
and 3 ) .  There a r e  some sweat cons t i t uen t s  with which sweat pH 
has high c o r r e l a t i o n s  when analyzed on t h e  basis of ind iv idua l  
s u b j e c t s  bu t  only poor co r re l a t ions  when a number of sub jec t s  
are analyzed together .  Those cons t i t uen t s  have only secondary 
co r re l a t ions .  The cons t i tuent  which has  cons t an t ly  a high cor- 
r e l a t i o n  with pH, regardless  of w i d e  ind iv idua l  v a r i a t i o n s  i n  
sweat cons t i t uen t s  must be the f a c t o r  which determines t h e  pH 
of s w e a t .  
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Lactate  had only a poor c o r r e i a t i o n  with pH, although it, 
l i k e  NH3, decreases with increasing s w e a t  rate. The lact ic  ac id  - lactate sys t en  has good buffer ing capac i ty  a t  pH 4 - 5, but  a t  
be considered a good buffer  system. I t  would be excreted mostly 
as l a c t a t e  and t h e  amount of l ac t i c  ac id  must be very l o w  a t  t h i s  
p H  range. 
- p H  4.70 - 7.99, which was the  range i n  our experiments, it cannot 
I n  our experiment, no attempt was made t o  handle the sweat 
specimens anaerobical ly ,  so t h a t  it i s  impossible t o  d iscuss  
t h e  r e l a t i o n s h i p  between pH and C02  concentrat ion i n  t h e  a c t u a l  
s w e a t .  Carbon dioxide d i s soc ia t ion  curves f o r  s w e a t  (Fig.  V. 4)  
w e r e  s tud ied  t o  d e t e c t  a C 0 2  combining capac i ty  of s w e a t .  
sweat has  a s l i g h t l y  higher  combining capac i ty  than d i s t i l l e d  
w a t e r ,  which might be a t t r i b u t e d  t o  carbamino compounds. S t i l l  
t h e  magnitude is  far less than t h a t  of blood and i f  C 0 2  i n  s w e a t  
is t r a n s f e r r e d  only by d i f fus ion ,  t h e  level of C 0 2  must be less 
than  4.0 mM/1 assuming Pc02 of t h e  t i s s u e s  around s w e a t  glands 
as 50 mmHg. According t o  Kawata ( 3 ) ,  t h e  t o t a l  C02 concentrat ion 
i n  s w e a t  increases  a s  s w e a t  r a t e  increases ,  ranging from a l o w  
of 0.8 t o  a high of 8.5 mM/l H e  s t a t e d  t h a t  the HC03- conten t  
i n  s w e a t  has  a high c o r r e l a t i o n  (r=0.809) with s w e a t  pH. H e  
concluded t h a t  t h e  major p a r t  of C02 i n  s w e a t  is excreted as 
HC03-,  which seems reasonable because according t o  our da ta ,  
d i f f u s i o n  can expla in  only up t o  4.0 mM/1 of C02.  
The 
Another f a c t o r  which has  been claimed t o  be r e l a t e d  with 
acid-base balance i n  s w e a t  is  amino acids ( 7 ) .  Sixteen f r e e  
amino ac id  conten ts  w e r e  measured on one of our sweat samples 
(Table V. 2 ) .  The amino ac id  contents  observed i n  t h i s  experiment 
are gene ra l ly  l o w e r  than t h a t  reported by H i e r  e t  a l .  ( 2 ) ,  
amounting t o  a t o t a l  of 2.9 mM/1. The sweat sample was co l l ec t ed  
from an accl imat ized subjec t .  To s tudy t h e  e f f e c t s  of amino 
ac ids  on t h e  acid-base balance,  t i t r a t i o n s  or' s w e a t  w e r e  performed 
and a t i t r a t i o n  curve from a sweat sample ( I )  and t h a t  of 10 
t i m e s  concentrated sweat (11) are shown i n  Fig.  V. 5. From 
t i t r a t i o n  curve I ,  i n f l e c t i o n  po in t s  can be observed around 
pH 2.2 ,  10.5, and 11.6. I n  curve 11, many po in t s  of i n f l e c t i o n  
can be seen  a t  lower pH than  4. Although it is  impossible t o  
i d e n t i f y  exact  i n f l e c t i o n  po in t s  or amino ac ids  from these  curves,  
t hese  l o w  p K ' s  might be a t t r i b u t e d  t o  amino acids .  
From these  f indings it is  concluded t h a t  t h e  a c i d i t y  of s w e a t  
is determined mainly by the  proport ion of NH4C1 t o  t o t a l  chemical 
cons t i t uen t s ,  The l a c t a t e ,  bicarbonate,  and amino ac id  bu f fe r  sys- 
t e m s  are of minor importance, bct rnay modify t h e  a c i d i t y  t o  some 
exten t .  
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Table V. 1. Correlation Coeff ic ien ts  Between p H  and Chemical 
Consti tuents.  Spring 1966 . (NASA Grant NGR-14-005-050) 
- I t e m  
Sweat r a t e  






Corre la t ion  Coeff ic ien t  with p H  
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Table V. 2. Amino Acids i n  Sweat .  Spring 1966. (NASA Grant 
NGR-14-005-050) 
Amino Acids 
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Methionine 
Concentrat  ion 
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SECTION V I  VISCOSITY AND DENSITY OF SWEAT 
(Prepared for  publ ica t ion  i n  t h e  Jou rna l  of A m l i e d  Phvsioloqv) 
Study of t h e  phys ica l  p rope r t i e s  of s w e a t  has been neglected.  
For instance,  a search of Chemical A b s t r a c t s  from 1907-1966, 
Bio logica l  Abstracts from 1926 t o  1966, and Index Medicus from 
1953 t o  1966 p l u s  a search of major t e x t s  of physiology back t o  
1895 f a i l e d  t o  revea l  a s i n g l e  c i t a t i o n  on t h e  v i s c o s i t y  of human 
s w e a t .  Of the  few references t o  t h e  dens i ty  of human sweat 
(2 ,  7,  11, 15) none is recent. I n  view of t h e  poss ib l e  importance 
of these  p r o p e r t i e s  i n  r e l a t i o n  t o  wet t ing of t h e  sk in ,  l a t e n t  
h e a t  of vaporizat ion,  and other  measurements important i n  cal- 
c u l a t i n g  h e a t  balance,  t h i s  series of experiments w a s  c a r r i e d  out 
on t h e  v i s c o s i t y  and dens i ty  of human ecc r ine  s w e a t ,  and t h e  
temperature dependence of these  p rope r t i e s ,  
Methods 
The Cannon-Fenske modification of t h e  Ostwald viscometer w a s  
used t o  measure v i s c o s i t y  ( 3 ,  18). This instrument requi res  a 
5 ml. charge and is  ava i l ab le  commercially (No.  50 Kimax viscometer, 
K i m a x  Company, Owens, I l l i n o i s ) .  Several  authors  have es tab l i shed  
t h e  condi t ions for i ts  accurate  u s e  (1, 5 ,  8) .  
Pycnometry was used t o  measure t h e  dens i ty  of t h e  samples. 
This  method c o n s i s t s  of weighing a known volume of t h e  s m p l e .  
A 5 m l .  pycnometm (E. H. Sargent and Company, Chicago, I l l i n o i s )  
was used and i ts  volume acctirateiy determined with t r i p l e  d i s t i l l e d  
w a t e r  (Barnstead Hospi ta l  S t i l l )  before  each run. 
Temperature con t ro l  within f0.02OC was achieved w i t h  a 
s i l v e r e d  6 L. b a t t e r y  j a r  a s  a w a t e r  ba th  and placing it i n  an 
environmentally con t ro l l ed  rooin where temperature was con t ro l l ed  
t o  t0,5°C. The temperature of t h e  bath w a s  f u r t h e r  con t ro l l ed  
by means of a small ex te rna l  l i g h t  which w a s  used t o  w a r m  t h e  
ba th  i f  the temperature dropped, 
The viscometer w a s  placed i n  the w a t e r  ba th  and viewed 
through a small  unsilvered por t ion  i n  t h e  wa l l  of t h e  b a t t e r y  
jar .  A l l  mate r i a l s  ( reagents ,  glassware,  samples, etc.) w e r e  
kept  i n  a temperature cont ro l led  room a t  24OC t o  insure  t h e i r  
being a t  t h e  proper temperature. A l l  equipment w a s  cleaned with 
sodium tr iphosphate ,  followed by e l abora t e  r i n s i n g  with d i s t i l l e d  
w a t e r .  The sweat was collected i n  polyethylene arm bags ( w e t  
d ress ing  Bunyan bag for t h e  arm, National Carbon Company, Inc.  
.. 
-31- 
I New York, N. Y.) f r o m  male un ive r s i ty  s tudents  walking on a level 
treadmill a t  a room temperature of 43Oc dry bulb and 27OC w e t  
b u l b  temperature. S w e a t  w a s  collected a t  30-minute i n t e r v a l s ,  
-. t h e  t o t a l  s w e a t  being t h e  r e s u l t  of about 100 min. of walking. 
The s w e a t  w a s  frozen overnight a t  -2OOC and t h e  following day it 
w a s  thawed and centr i fuged a t  3000 r p m  for 10  min. This opera t ion  
removed desquamated e p i t h e l i a l  cells  and o ther  debris. The samples 
w e r e  refrozen and then thawed for ana lys i s  and examined f o r  
t u rb id i ty .  If the sample w a s  t u r b i d  it was centr i fuged again and 
then used for ana lys i s .  Repeated measurements showed thawing and 
re f reez ing  for periods up t o  a month had no e f f e c t  on t h e  dens i ty  
or v i s c o s i t y  of t h e  s w e a t .  
R e s u l t s  
Table VI. 1. presents  t he  data f o r  11 sam les of ecc r ine  
s w e a t .  
i n  the table is t h e  average value of t h r e e  determinations on t h a t  
sample. 
These determinations w e r e  made a t  24.3 8 C. Each e n t r y  
Table VI. 2. gives the data  from t h e  s t u d i e s  of temperature 
dependence. The values  for water a r e  from Hodgeman (9) .  Once 
again each value is t h e  average of t h r e e  determinations on t h a t  
sample, 
and the v i s c o s i t y  wi th in  A0,02%, which a r e  the limits of accuracy 
set by t h e  respec t ive  methods. 
I n  both tables the densi ty  values  are wi th in  +0.00296 
-1. 
Figure V I .  1. depicts the  temperature dependence of t h e  
dens i ty  and relative v i s c o s i t y  from t h e  da t a  of Table V I .  2. 
Discuss ion  
Solut ions of sodium chlor ide  w e r e  chosen as reference 
s o l u t i o n s  because t h e r e  is adequate da ta  on t h e i r  v i s c o s i t y  and 
dens i ty  i n  t h e  l i t e r a t u r e  (10, 13, 16) and thus they  could be used 
t o  determine the v a l i d i t y  of the  methods of measurement. Sodium 
chloride is also the major cons t i t uen t  of s w e a t  and so a compar- 
i son  of t h e  data for s w e a t  and f o r  N a C l  enables one t o  determine 
i f  s w e a t  acts as a simple so lu t ion  of N a C l ,  
With reference t o  Table VI. 1. we  see t h a t  t h e  v i s c o s i t y  and 
d e n s i t y e f s w e a t  are i n  a l l  cases g r e a t e r  than  t h a t  of water a t  
the sbme temperature. Average values  for t h e  11 samples are 
1.00176 gm/ml for  densi ty ,  0.9191 cp. for absolute  v i s c o s i t y  and 
may be based on erroneous assumptions. 
-3 2- 
1,0128 for r e l a t i v e  v i scos i ty .  (Relat ive v i s c o s i t y  is defined as 
the absolute v i s c o s i t y  of the sample divided by t h e  absolu te  
v i s c o s i t y  of w a t e r  a t  the same temperature.) A conversion of the 
average dens i ty  i n t o  s p e c i f i c  g r a v i t y  g ives  1,0046 which is i n  
good agreenent with t h e  average from t h e  l i t e r a t u r e  (2 ,  7, 11, 
15) of 1.004. There is a la rge  v a r i a t i o n  of values  between 
indiv idua ls  and for t h e  same indiv idua l  a t  d i f f e r e n t  times. 
The data of Table VI. 2.  s h o w  t h a t  both t h e  time of f a l l  and 
t h e  absolute  v i s c o s i t y  of sweat behave i n  a manner q u i t e  similar 
t o  t h a t  of water and t h e  N a C l  so lu t ions .  Both t i m e  of f a l l  and 
abso lu te  v i s c o s i t y  decrease i n  an almost l i n e a r  fashion as the 
temperature increases .  
If w e  consider t h e  densi ty  of t h e  s w e a t  (Fig.  VI. l) ,  we  
see its very discontinuous behavior. As the temperature is in- 
creased, both of t h e  NaCl so lu t ions  and t h e  water decrease i n  
dens i ty  i n  a f a i r l y  regular  fashion but t he  s w e a t  samples show 
marked d i s c o n t i n u i t i e s  culminating i n  a high p o i n t  f o r  both samples 
i n  the region 24-29OC. The p l o t  of relative v i s c o s i t y  versus  
temperature also shows th i s  sudden i r r e g u l a r i t y  i n  the region 
24-29OC. It is of i n t e r e s t  t h a t  Snyder and Todd (11) i n  a s tudy  
of blood components such as serum and plasma reported cgmplete 
l i n e a r i t y  i n  the r e l a t i v e  v i s c o s i t y  over t h e  range 0-45 C (14).  
One cany only specula te  on the  cause of t h i s  anomalous 
behavior of human s w e a t .  Wells (12)  has a t t r i b u t e d  such behavior 
i n  biological f l u i d s  t o  their  p r o t e i n s  and c o l l o d i a l  suspensions 
o f  cells, 
systems with suspended p a r t i c l e s  are non-Newtonian and the re fo re  
have anomalous f l o w  c h a r a c t e r i s t i c s .  Other workers (4, 6) have 
also reported anomalous f l o w  p rope r t i e s  for blood systems, 
not ing that  the rate of shear and applied stress are no t  propor- 
t i o n a l  over a wide range a s  the  Newtonian hypothesis states. 
The p o s s i b i l i t y  also e x i s t s  t h a t  t h e  behavior of t h e  s w e a t  is 
influenced by t h e  nitrogenous compounds known t o  be p resen t  in 
human ecc r ine  s w e a t  (15). I i ' p r e s e n t ,  some compounds such as 
mucopolysaccharides might polymerize a t  a given temperature.  
Thus t h e  abrupt increase  i n  r e l a t i v e  v i s c o s i t y  might be explained. 
Wells and his co-workers emphasized t h e  po in t  tha t  
Our da ta  suggest t h a t  the v i s c o s i t y  and dens i ty  of s w e a t  
cannot be accounted f o r  as i f  it w e r e  w a t e r  or a simple s a l i n e  
so lu t ion .  Thus i n  ca l cu la t ing  the wet t ing of sk in  and l a t e n t  
heat of vaporizat ion,  one should be aware that  past  c a l c u l a t i o n s  
-33- 
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Table VI. 1. Density, Absolu te  v i s c o s i t y ,  and Rela t ive  Viscos i ty  
of 11 Samples of Human Eccr ine  Sweat. Spring 1966. 
(NASA Grant 14-005-050) 
Absolu te  
Sample Dens i ty  Viscos i ty  Rela t ive  
I d e n t i f i c a t i o n  g m h l  Cent ipo  is es Viscosity+* 
J B  27 Jan  
J B  10 Feb 
J B  2 1  Feb 
J B  7 Mar 
EB 27 Jan  
EB 18 M a r *  
PM 2 8  Feb 
J N  14 Feb 
J N  7 Mar 
JM 15 Feb 







1 . 00056 
1 00342 
1 . 00480 
1.00488 

























1 . 0064 
1.0128 
* 5  samples pooled f o r  t he  period 14-18 March. 
**Relative t o  w a t e r  at t h e  same temperature.  
. .  
-36- 
Table V I .  2 .  Temperature D e p e n d e n c e  of D e n s i t y  and V i s c o s i t y  of 
Water, S o l u t i o n s  of Sodium C h l o r i d e ,  and W m a n  
E c c r i n e  Sweat. Spring 1966. (NASA G r a n t  14-005-050) 
D i s c h a r g e  A b s o l u t e  
Temperature D e n s i t y  Time V i s c o s i t y  
sec C e n t i p o i s e s  OC S m h l  
A. D i s t i l l e d  Water 
14.3 0,99920 431.4 
19.3 0.39835 380.0 
24.3 0.39722 337.6 
29.3 0.99585 302.6 






B. Solution of NaC1,  0.04 M 
14.3 1.00092 432.8 
19.3 1,00012 380.0 
24.3 0.99917 330.8 
29.3 0.99726 302.5 





0 . 7648 
C. So lu t ion  of N a C 1 ,  0.25 M 
14.3 1 , 00969 434.4 1.1820 
19.3 
24.3 
1 , 00920 
1 . 00800 
384.5 
342.0 
1 . 0458 
0,9298 
29.3 1.00646 306.6 0.8331 
32.4 1.00592 291.1 0.7899 
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Table VI. 2. (Continued) 
D. Eccr ine Sweat of Subjec t  EB. 
14.3 1.00292 433.1 
19.3 1.00352 380.4 
24.3 1.00056 337.5 
29.3 1.00275 305.1 






E. Eccrine S w e a t  of Subject  VC. 
14.3 1.00315 432.3 
19.3 1.00090 381.5 
24.3 1.00157 338.3 
29.3 1.00258 305.0 






*Data of Hodgeman, 1951. 
C .  




Figure V I .  1--The r e l a t i o p s h i p  between the  r e l a t i v e  v i s c o s i t y  
of water, so lu t ions  of sodium ch lo r ide  (0.04 M 
and 0.25 M) , and two specimens of human ecc r ine  i 




1 &eat  a t - t empera tu res  from 14OC t o  3OoC. I - , - _  
I 
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SECTION V I I ,  SECRETORY PRESSURE O F  THE SWEAT GLAND 
In t roduct ion  
K i t t s t e i n e r  (1913) reported t h a t  even when a pressure of 250 
mm Hg was appl ied  t o  the  forearm s k i n  sur face  using a g l a s s  funnel,  
s w e a t  s e c r e t i o n  s t i l l  continued, He concluded t h a t  t he  sec re to ry  
pressure  must be h igher  than 250 mm Hg, Shel ley and Hurley (1953) 
used a s i m i l a r  method f o r  apocrine sweat glands and concluded t h a t  
t h e  sec re to ry  pressure  from a x i l l a r y  apocrine sweat glands i s  h igher  
than 225 mm Hg, 
Takahara (1936) s tud ied  the discharge of sweat from a s i n g l e  
sweat gland of the palm by means of cannulat ion and found t h a t  
sweat i s  secreted p e r i o d i c a l l y  a t  an i n t e r v a l  of about 2 minutes 
a t  rest and 20 t o  40 seconds during a c t i v e  sweating, Arguing 
from this p e r i o d i c i t y ,  he  a t t r i b u t e d  the energy of sweat s e c r e t i o n  
t o  t h e  myoepithelia of the  sweat gland. 
Looking a t  o t h e r  s ec re to ry  organs, Wiedeman and Stone (1962) 
showed t h a t  t h e  sec re to ry  pressure of t he  human mammary gland is 
abou t  10 mm Hg and Yoshimura et &. (1962) showed t h a t  of  human 
p a r o t i d  glands t o  be 12 t o  13 mm Hg. This l a r g e  d i f f e rence  be- 
tween sweat glands,  which a r e  s i n g l e  glands,  and mul t i lobular  glands 
l i k e  the  mammary gland and s a l i v a r y  gland l e d  u s  t o  a t tempt  t o  
measure the sec re to ry  pressure of s i n g l e  ecc r ine  sweat glands. 
Methods 
Palmar sweat glands of  a hea l thy  female from India who has 
Mental c a l c u l a t i o n  was hyperh idros is  of the palm were s tudied ,  
used a s  t h e  s t imulus for sweating. 
A schematic diagram of the  apparatus  is  shown i n  F ig ,  VII, 1. 
The sweat pores  on the  palmar sur face  of a f i n g e r  a r e  about 50p 
i n  diameter and l i e  about 500p apa r t .  One such pore is  covered 
with a c a p i l l a r y  the inner  diameter of whose t i p  is  about  loop. 
A s te reoscopic  microscope and micro-manipula t o r  a r e  used f o r  
pos i t ion ing ,  
of duct  of t he  sweat gland, 
l i g h t  from a s l a n t e d  p o s i t i o n  t o  t h e  skin.  
is sea led  t o  the sk in  by collodion. The reason why cannulat ion 
w a s  r e j e c t e d  was t h a t  t o  cannulate i n t o  the  sweat gland the  t i p  of 
t h e  c a p i l l a r y  should be about 35p; such a c a p i l l a r y  would reduce 
t h e  txes su re  u r e a t l v ,  The other end of the canillarv is connected 
The c a p i l l a r y  i s  applLed from t h e  same a x i s  a s  t h a t  
This can be observed by applying a weak 
The t i p  of the  c a p i l l a r y  
a -  
* 
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t o  the transducer  p a r t  with polyethylene tubing f i t t e d  t o  a three- 
way stopcock, The transducer p a r t  c o n s i s t s  of a g l a s s  c a p i l l a r y  
(i,d.: 0.5 mm; o.d,: 0.8 mm) connected through polyethylene 
tubing with two g l a s s  tubes from a venous pressure  o u t f i t ;  this 
tubing has  a b igger  inner  diameter than t h e  g l a s s  c a p i l l a r y ,  
g l a s s  c a p i l l a r y  p a r t  contains  a small  amount of mercury and i s  h e l d  
wi th in  a sensing un i t .  The sensing u n i t  (F ig .  V-II.  2.) c o n s i s t s  
of a l i g h t  source,  t w o  lenses ,  a s l i t ,  and a photocel l .  The l i g h t  
beam from a lamp i s  converged t o  the meniscus of mercury i n  the 
g l a s s  c a p i l l a r y  through a s l i t ,  and another  l ens  placed on t h e  other 
s i d e  of t h e  c a p i l l a r y  converges t h e  divergent  l i g h t  from t h e  capi l -  
l a r y  t o  the head of a photocell .  A l l  c a p i l l a r i e s  and polyethylene 
tubing a r e  f i l l e d  with water. 
g land  i s  conducted t o  t h e  meniscus of t he  mercury and changes the 
l e v e l  of mercury. This change can be sensed a s  a change of l i g h t  
i n t e n s i t y  by the photocel l ,  The s i g n a l  from t h e  photoce l l  i s  am- 
p l i f ied  by a DC ampl i f i e r  and recorded by  a Sanborn recorder.  The 
s e n s i t i v i t y  of t h e  u n i t  can be modified by ( a )  changing t h e  sensi-  
t i v i t y  of the DG,.ampliifier or (b) changing the amount of mercury 
f i l l i n g  t h e  cap i l l a ry .  
The 
The sec re to ry  pressure of a sweat 
For c a l i b r a t i o n ,  changes of water l e v e l  wi th in  the g l a s s  tube 
a r e  caused and the pressure recorded. 
R e  su 1 ts 
So f a r ,  twc t r i a l s  have been performed. The recording of one 
of the experiments is shown i n  Fig. V I I ,  3.; t h e  sec re to ry  pressure  
va r i ed  between 1.2 c m  H20 and 7.6 c m  H 0, 
s e c r e t i o n  i s  between 24 seconds and 153 seconds. These values  
a g r e e  w i t h  t he  data  of  Takahara (1936) on p e r i o d i c i t y ,  b u t  n o t  
those of K i t t s t e i n e r  (1913) o r  Shel ley  and Hurley (1953) on . 
s e c r e t o r y  pressure,  
The p e r i o d i c i t y  of t h e  
Discussion 
The sec re to ry  pressure of sweat glands i n  our  experiments i s  
less than 1/300 of K i t t s t e i n e r ' s  r e s u l t s .  A s  mentioned before ,  
h i s  r e s u l t s  p lace  the sweat gland i n  q u i t e  a d i f f e r e n t  p o s i t i o n  
from the mammary glands or s a l i v a r y  glands taking i n t o  account 
their h i s t o l o g i c a l  s t ruc tu res .  H i s  technique and ours  a r e  q u i t e  
d i f f e r e n t .  H e  appl ied  i n d i r e c t  p ressure  over a w i d e  area.  W e  
measured the pressure  a t  the duct. It i s  poss ib le  t h a t  h i s  pres- 
s u r e  would be widely d i f fused  and would not  s t o p  sweating even i f  
the a c t u a l  gland pressure were much lower, 
-40- 
One problem of t h i s  method is t h a t  t h e  o r i g i n a l  recording has 
a d r i f t  of t h e  base l i n e .  T h i s  ranges between 6 mV/min. and 12  
mV/min. ,  so t h a t  a correction 9mV/min. for d r i f t  has t b  be made. 
Another is t h a t  t h i s  transducer has a very small zone of l i n e a r i t y .  
Therefore t h e  mercury l e v e l  must  be readjusted during experiments. 
Af t e r  each readjustment,  it takes some seconds u n t i l  t h e  recording 
becomes s t ab le .  The f a c t  t h a t  t h i s  transducer has h y s t e r e s i s  
during c a l i b r a t i o n  is another drawback. 
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SECTION V I I I ,  SUMMARY OF PRCGRESS 
FOR THE PERIOD 1 JANUARY 1966--30 JUNE 1966 
(NASA GRANT NGR-14-005-050) 
A. Chemical Composition of Sweat Compared w i t h  i t s  O s m o t i c  Pressure 
The following cons t i t uen t s  of sweat were measured: sodium, 
potassium, calcium, magnesium, ammonia, ch lor ide ,  l a c t a t e ,  urea,  
t o t a l  ni t rogen,  Regularly the sum of the anions was about 
equal  t o  t h a t  of the ca t ions ,  However, the sum of a l l  cons t i -  
t uen t s  d id  not  always f u l l y  account f o r  the osmotic pressure 
( f r eez ing  p o i n t ) ,  An "osmotic def ic i t "  of up to  1 2  percent  
was i d e n t i f i e d  i n  some specimens, Those with the  g r e a t e s t  
abso lu t e  deficit  w e r e  t he  m o s t  concentrated,  and gene ra l ly  
a l s o  had a l a r g e  undetermined ni t rogen res idue ,  t h a t  i s  the 
d i f f e rence  between t o t a l  n i t rogen  and the sum of urea and 
ammonia , 
by Adams, Johnson, and Sargent (1958) and leave  unresolved 
the opposi te  f ind ings  of Foster (1961). 
These r e s u l t s  confirm and extend previous observat ions 
B, Acid-Base Proper t ies  of Sweat 
Under t h e  condi t ions of these experiments arm sweat was 
c o l l e c t e d  i n  a vapor impermeable bag, b u t  no t  anaerobical ly .  
- I n v i t r o ,  m i t h z r  "&e l a c t i c  ac id - l ac t a t e  system =or the car- 
bonic acid-bicarbanate system could be shown t o  be r e l a t e d  t o  
changes i n  a c i d i t y ,  However, changes i n  ammonia w e r e  closely 
c o r r e l a t e d  w i t h  changes i n  a c i d i t y ,  T i t r a t i o n  curves showed 
a t  l e a s t  four  d i scon t inu i t i e s .  Fourteen amino a c i d s  w e r e  
detected,  Only t h r e e  occurred i n  amounts over 0.4 m o l e  pe r  
~~ l i ter :  se r ine ,  a lan ine ,  and glycine,  
C, V i s c o s i t y  and Density of Sweat ,  ' 
The v i s c o s i t y  and dens i ty  of sweat were compared w i t h  
those of d i s t i l l e d  water and so lu t ions  of sodium chloride, 
The v i s c o s i t y  of sweat i s  n o t  the same a s  t h a t  of s a l i n e  
so lu t ions  of the same densi ty ,  b u t  i s  higher ,  It i s  v a r i a b l e  
f r o m  s u b j e c t  t o  subjec t ,  A very i n t e r e s t i n g  anomaly was ob- 
served a t  temperatures between 29OC and 35Oc: the r e l a t i v e  
v i s c o s i t y  of sweat increased w i t h  temperature i n  t h i s  range, 




w v  
D. Secretory Pressure of the Individual  Sweat Gland 
A system has  been developed f o r  measuring the sec re to ry  
pressure  of a s i n g l e  sweat gland. A g l a s s  c a p i l l a r y  of ap- 
proximately twice the diameter of t h e  pore i s  appl ied  t o  the 
sweat gland pore. Pressure changes a r e  t ransmi t ted  t o  a 
mercury-water column, and a n  o p t i c a l  scanning device d e t e c t s  
changes i n  the h e i g h t  of the column. I n  t w o  t r i a l s ,  the 
secretory pressure  was around 10 cm of water,  and the gland 
changed pressure  rhythmically i n  a cyc le  of about  2 seconds. 
E. Prepara t ion  of the Skin and Col lec t ion  of Sweat, and Processinq 
of Sweat P r i o r  t o  Analysis 
A rou t ine  for preparing t h e  sk in  for c o l l e c t i n g  sweat has  
been developed. The s teps  a re :  shaving the s k i n  24 hours 
ahead of the experiment; washing t h e  s k i n  with neu t r a l ,  non- 
a l l e r g e n i c  detergent ;  r i n s ing  with d i s t i l l e d  water: and 
starting a c t u a l  c o l l e c t i o n  t e n  minutes a f t e r  the o n s e t  of 
sweating. Clear ,  non-turbid sweat can be obtained by 
f reez ing ,  thawing, and then centr i fuging.  
